Objective To examine associations between motivational impact of palatable foods and neural activity in brain regions involved in inhibitory control among adolescents. Methods Thirty-four adolescents aged 14-20 years underwent functional magnetic resonance imaging while viewing images of high-and low-energy foods. Participants completed the Power of Food Scale (PFS). Whole-brain analyses of variance tested for neural activation differences and correlations between brain activation and PFS scores were tested. Results We found an interaction between food type (high energy vs. low energy) and PFS scores in the right dorsolateral prefrontal cortex and right inferior parietal lobule. We also found that PFS scores correlated negatively with activation to high-energy foods in prefrontal cortical and parietal regions. Conclusions These findings suggest that individuals with high motivation for high-energy foods also demonstrate lower neural activation in inhibition-related brain regions when viewing images of high-energy foods, indicating that they may have difficulty inhibiting consumption impulses.
Introduction
The prevalence of obesity among adolescents in the United States has increased significantly over the past 20 years (Ogden, Carroll, Kit, & Flegal, 2014) . Understanding the neural underpinnings of eating behavior in adolescence is important in discovering possible mechanisms of weight gain during this sensitive developmental period. Self-regulation failure is a prominent neurocognitive model for understanding weight-related behavior (Teixeira et al., 2015) , and executive and inhibitory control are central to this theory (Heatherton & Wagner, 2011; Hofmann, Schmeichel, & Baddeley, 2012) . Executive control includes the ability to monitor cognitive processes, direct and shift attention, inhibit prepotent responses, and activate subdominant responses to meet higher-order goals (Eisenberg, Smith, & Spinrad, 2011) . Inhibitory control is a subcomponent of executive control that allows the individual to inhibit impulses that are inconsistent with higher-order goals, a skill particularly relevant to controlling impulses to consume high-energy foods, which may lead to weight gain (Anzman & Birch, 2009 ). Multiple adult studies have examined the importance of inhibitory control and impulsivity in relation to food intake (Guerrieri, Nederkoorn, Schrooten, Martijn, & Jansen, 2009; Jansen et al., 2009). A relatively smaller pediatric literature has demonstrated that inhibitory control is an important predictor of important obesity-related behaviors, including disinhibited eating and increased caloric intake (Barkin, 2013) . Furthermore, executive/ inhibitory control is associated with obesity risk in adolescence (Barkin, 2013) . Inhibitory control develops rapidly in adolescence, and these changes have important implications for dietary behavior (Ames et al., 2014) .
In functional magnetic resonance imaging (fMRI) research conducted with adults, several brain regions have been shown to be associated with food-related inhibitory control, including the medial frontal gyrus and the superior frontal gyrus in the prefrontal cortex. Overweight female adolescents demonstrate less brain activation in the medial frontal gyrus and superior frontal gyrus when viewing high-energy food images compared with healthy-weight female adolescents (Batterink, Yokum, & Stice, 2010) . Additionally, Bruce and colleagues (2010) found that obese children have lower activation in the medial frontal cortex, a region associated with inhibitory control, when viewing food logos. Additionally, the parietal areas have been shown to be important in response inhibition, with research suggesting that these regions are involved in integrating and maintaining stimulus-response representations (Simmonds, Pekar, & Mostofsky, 2008) .
Furthermore, environmental cues interact with an individual's cognitive functioning in relation to food intake. Specifically, the negative association between executive control and food intake is more prominent if environmental cues encourage individuals to overeat (Hall, Lowe, & Vincent, 2014) . Consequently, accessibility of highly palatable foods poses a significant problem for overweight individuals. This highlights the importance of assessing the motivational impact of palatable foods in an individual's environment. One commonly used measure of appetite for palatable foods is the Power of Food Scale (PFS), a 15-item selfreport measure comprising three subscales corresponding to proximity of foods: (1) Food available but not present (food available; FA), (2) food present but not tasted (food present; FP), and (3) food tasted but not consumed (Food Tasted (FT); Cappelleri et al., 2009 ). This questionnaire emphasizes the implicit incentive salience (i.e., wanting) associated with palatable foods (Berridge & Robinson, 2003) and is particularly appropriate for studies examining cognitive processes involved in food reward and inhibition. The PFS has been used reliably as an outcome measure in the adult neuroimaging literature (Bullins et al., 2013; Yoshikawa, Tanaka, Ishii, & Watanabe, 2014). Carpenter and colleagues (2013) found adult body mass index (BMI) to be positively related to PFS responses. Brain imaging research conducted with adults has demonstrated that PFS scores are a strong predictor of neural responsivity (i.e., activation in the medial prefrontal and orbital prefrontal cortex and insula) to highly palatable food cues, even in the absence of hunger (Rejeski et al., 2012) . These findings provide initial support for the hypothesis that individuals' responses on the PFS may be associated with neural responsivity to food cues in adolescents.
To our knowledge, no research has examined associations between motivation for palatable foods, as measured by the PFS, and brain activation in adolescents. Adolescence is a critical period in the development of obesity because teens assume greater independence in food choice (Bassett, Chapman, & Beagan, 2008) , their rapid physical growth induces changes in caloric needs, and dietary patterns that persist into adulthood are established in this period (Guo, Roche, Chumlea, Gardner, & Siervogel, 1994; Lawlor & Chaturvedi, 2006) . Moreover, executive and inhibitory control processes develop rapidly in adolescence and continue into emerging adulthood (Spear, 2013) . Our study may provide evidence that alterations to food environments are important for adolescents with high motivational impact for palatable foods.
This study examined associations between adolescents' neural activation in response to food images in brain regions associated with inhibitory control and PFS scores. Based on existing literature, we hypothesized that (1) adolescents who scored higher on the PFS would demonstrate lower prefrontal cortical and parietal activation in response to high-energy food images compared with those with lower PFS scores. We further hypothesized that (2) PFS scores and brain activation to low-energy foods would not be correlated, as previous research suggests that there is greater activation in frontal of the brain to highenergy foods relative to low-energy foods (Batterink et al., 2010; Jensen & Kirwan, 2015) .
Methods

Participants
Participants were 34 adolescents of ages between 14 and 20 years [mean age (years) ¼ 18.95, SD ¼ 1.14] who were predominantly female (85.3%) and nonHispanic White (82.3%; see Table 1 for additional demographic information). Desmond and Glover (2002) found that a sample size of 24 was necessary to achieve 80% power at the single voxel level for typical neural activation in fMRI research, suggesting that our study is adequately powered to detect our hypothesized effects. Mean family monthly gross income was 6788.67 USD (SD ¼ 3435.29). The study sample comprised three groups of participants: a successful weight loser (SWL, N ¼ 11) group who had a lifetime maximum BMI percentile for age and sex !85 (CDC), but self-reported at least 10 pounds of weight loss and maintenance of the weight loss for at least 1 year; an Overweight/obese (OW, N ¼ 11) group who reported a current BMI percentile !85 or BMI !25 (ages [19] [20] ; and a normal-weight (NW, N ¼ 12)
group who reported a current and lifetime maximum BMI percentile of >3 and <85 or BMI <18.5 and <25 (19-20 year olds). Height (Seca 869, measured to the 10th of a pound) and weight (seca 217, measured to the eighth of the inch) were measured at the time of assessment to calculate BMI and verify current weight status for group membership. Preliminary data analyses comparing the three weight status groups revealed no significant group Â PFS score interaction effect on neural responding to food images. BMI was not correlated with composite PFS scores (r ¼À.14,
Furthermore, because PFS scores did not differ significantly across weight status groups [F (2,31) ¼ 2.38, p ¼ .11], we collapsed the groups for all analyses reported below. After collapsing the groups, mean fullsample BMI was 25.34 (SD ¼ 5.80). Exclusion criteria included standard magnetic resonance imaging (MRI) contraindications (e.g., pregnancy, ferrous implants, and claustrophobia), use of weight loss or salivationaltering medications, left-handedness, binge eating, food allergies, or any neurologic or psychiatric condition.
Recruitment
Participants were accrued between September 2013 and March 2014 as part of a larger study examining how weight status impacts neural activation to food images. NW and OW participants were recruited from the community using advertisements seeking participants aged 13-18 years for a study examining brain response to food in pediatrician offices and community recreation facilities, and SWLs were recruited by contacting participants from the Adolescent Weight Control Registry, an ongoing study of successful adolescent weight losers (Jensen et al., 2014) .
Procedures
The institutional review board of the authors' academic institution approved all study procedures. Adolescent participants provided informed consent/assent, and parents provided informed consent for their child's participation if the participant was aged <18 years.
Measures
Participant weight was measured using a digital scale (Seca 869), and height was measured using a portable stadiometer (Seca 217), with participants wearing light clothing and no shoes. BMI percentile for age and sex scores was calculated using the standard Centers for 
Imaging Procedure
All participants fasted for 4 hr before imaging and were instructed not to consume alcohol in the 24 hr before participation. Before undergoing imaging, participants were provided with earplugs and noise-cancelling headphones. Participants lay supine in the scanner, and visual stimuli were displayed on a monitor at the head of the MRI scanner. Participants were instructed to view the images displayed on the monitor and to imagine eating the foods, an instruction designed to increase attention among our adolescent sample. Previous research has shown that instructing participants to imagine eating the depicted foods may evoke a stronger neural response compared with passive viewing (Sanders et al., 2015) . Visual stimuli were displayed using E-Prime software (Psychology Software Tools Inc., Pittsburgh, PA).
Visual Food Stimuli Procedure
The visual food stimuli paradigm was adapted from the method used by Killgore (Killgore et al., 2003; Killgore & Yurgelun-Todd, 2005) using images provided by the authors. Visual stimuli were presented in nine distinct blocks comprising a single 6-min functional imaging run. Stimuli blocks comprised (1) nonfood objects with similar visual complexity, color, and texture (e.g., rocks, shrubs, and flowers); (2) highenergy foods (e.g., sugar-sweetened beverages, desserts, and fried potatoes); or (3) low-energy foods (e.g., salads, fresh fruits/vegetables, and whole grains). Nonfood images were used to obtain baseline neural activation using images of similar visual complexity to high-or low-energy foods. Each image block was presented for 39 s and included 13 distinct images that were each presented for 3 s. Blocks of image categories were presented 3 times each in alternating order as detailed in Figure 1 . Stimulus order within each block was randomized across participants.
MRI Data Acquisition
All imaging data were acquired using a 3T Siemens Tim Trio scanner. Functional and structural images were acquired using a standard 12-channel head coil. A high-resolution T1-weighted structural scan was acquired for each subject for functional localization using the following parameters: TR 
MRI Data Processing and Analysis
Analysis of Functional Images (AFNI) was used for all MRI data processing (Cox, 1996) . Functional data were motion-corrected to align all volumes with the middle acquisition volume. Six motion parameters (three translations and three rotations) were included in the single-subject regression analysis in addition to polynomial regressors coding for scanner drift. Two behavioral regressors that coded for high-and low-energy food blocks were included in the regression model. A boxcar function (duration 39 s) convolved with the canonical hemodynamic response were used to model the stimulus blocks. Acquisition volumes that contained significant motion events (>.6 mm translation or >.3 rotation) were excluded from the analysis using the "censor" function in AFNI program 3dDeconvolve, which removes individual time points from the analysis without affecting the time dependencies of the data. Parameter estimates from the singlesubject regression analysis (i.e., beta maps) were smoothed using a 5-mm FWHM Gaussian kernel. Spatial normalization was achieved using advanced neuroimaging techniques (ANTs) (Avants, Epstein, Grossman, & Gee, 2008) to warp all subjects' data to a study-specific template in a two-step process. First, structural and functional data were normalized using a coarse Talairach transformation and were then warped to the study-specific template using the more precise diffeomorphic transformation computed using ANTS.
Statistical Procedure
We performed whole-brain repeated measures analyses of variance using AFNI program 3dMVM (Chen, Adleman, Saad, Leibenluft, & Cox, 2014). Stimulus condition (high energy and low energy) was modeled as a fixed within-subjects factor; weight history group and sex were modeled as a fixed betweensubjects factors; and PFS scores, age, and BMI were modeled as random between-subjects factors. This procedure allowed us to examine main effects and interactions of the PFS scores while controlling for age, weight history group, and BMI. To correct for multiple comparisons, we calculated a priori cluster extent thresholds using Monte Carlo simulations in AFNI program 3dClustSim. Based on a 5-mm FWHM spatial blur and the volume of the whole-brain
Stimuli Block
Time progression→ 39 second blocks of 13 images Non-food objects High-energy food images Low-energy food images Figure 1 . Visual food stimuli paradigm.
anatomical mask (60,949 voxels), we set a voxel-wise threshold of p < .001 and a spatial-extent threshold of nine contiguous voxels (243 mm   3 ) to maintain a family-wise error rate of p < .05 when defining significant clusters of activation (Woo, Krishnan, & Wager, 2014) . For clusters identified with these parameters, mean group activity was extracted and Pearson correlations were calculated. For results of analyses of main effect of stimulus type on neural activation within different weight history groups, please refer to Jensen & Kirwan (2015) .
Results
Demographic characteristics and means and SDs of primary study variables are reported in Table 1 . We observed several brain regions that exhibited an interaction between PFS scores and response to high-versus low-energy food-cue stimuli, including right dorsolateral prefrontal cortex (DLPFC) on the middle frontal gyrus and right inferior parietal lobule (Figure 2A and B; see Table 2 for a complete list of regions, Talairach coordinates, and peak-voxel F-values). Because these brain regions were defined by the interaction of the PFS scores and stimulus condition, the direction of the relationship is unconstrained. Accordingly, to further investigate the relationship between functional activation in these regions and PFS scores, mean parameter estimates (betas) were extracted from these regions for high-and low-energy foods separately, and the difference between them was examined for correlations with PFS scores. In both right DLPFC and right inferior parietal lobule, the significant interaction was driven by a negative correlation between activation and PFS ( Figure 2C and D) . We further investigated the relationship between brain activity in these regions and responses on the subscales of the PFS. For each of the FA, FP, and FT subscale scores, there was a significant negative relationship between fMRI activation and subscale score in both the right DLPFC and the right inferior parietal lobule (Figure 3 ). 
Discussion
Because of the importance of food motivation and food selection for weight control among adolescents, we aimed to examine the relationship between motivation to consume palatable foods and neural activation in regions associated with inhibitory control in this population. We hypothesized that adolescents with higher scores on the PFS would show lower prefrontal cortical and parietal activation in response to high-energy food images compared with individuals with lower PFS FA scores. Consistent with our hypothesis, we found significant negative correlations between PFS scores and brain activation in the DLPFC and medial prefrontal cortex (MPFC) for high-energy foods, but no significant association for low-energy foods. Activation in these regions has previously been shown to be associated with inhibitory control (Alonso-Alonso, 2010; Killgore et al., 2003) . Additionally, we observed the same relationship between brain activation and PFS scores in the right inferior parietal lobule. Both right DLPFC and right parietal lobe have been observed to be involved in response inhibition (Garavan, Ross, & Stein, 1999) . For example, in a meta-analysis of go/no-go paradigms, Simmonds and colleagues (2008) observed consistent activation in these regions across 11 go/no-go fMRI studies. The authors concluded that the role of the prefrontal cortex in these studies was to exercise top-down control in selecting stimulus-response associations, while the parietal contribution was to integrate and maintain stimulus-response representations. Therefore, our results indicate that individuals with higher levels of motivational impact for energy-dense foods may have lower ability to inhibit impulses to consume these types of food. These findings are particularly interesting because our study task did not pull for inhibition, yet activation in inhibition-related brain regions varied across participants and was associated with motivation for palatable foods. Our findings regarding individual subscales of the PFS essentially mirrored results for the PFS composite score, suggesting a consistent pattern of results irrespective of food proximity (i.e., available, present, or tasted).
Results from our study corroborate previous findings within the adolescent literature. Batterink and colleagues (2010) found that OW female adolescents exhibited lower neural activity in regions associated with self-control and inhibition when shown highenergy food images as compared with their healthyweight peers. Additionally, Bruce and colleagues (2010) found that obese children exhibit less activation in brain regions associated with inhibitory control when viewing food logos. Our study builds on these previous findings, suggesting that adolescents with high appetite for high-energy foods available in the environment may also have lower executive control, which may predispose these individuals to consume larger quantities of these foods.
Our study is among the first investigations to use the PFS as a measure of appetite and motivational food reward in the adolescent neuroimaging literature. Being able to successfully identify adolescents with high reward for high-energy foods and low inhibitory control-related neural responding may provide insight regarding how to successfully tailor interventions for such adolescents. For example, adolescents who report high motivational impact for high-energy food may require more structured food environments to achieve and maintain a healthy weight, both because highenergy foods are highly rewarding and because they have difficulty inhibiting impulses to consume these foods. Previous adult research supports this hypothesis, indicating that poorer inhibitory control is related to higher intake of high-energy foods Jansen et al., 2009) and that this association is stronger in environments that provide ready access to high-energy foods (Hall et al., 2014 ). Lowe and colleagues (2009) reported that reducing the availability of high-energy foods in the home and preportioning foods facilitated weight loss for adults who had higher motivational impact for palatable foods. Altering motivation-related cognitions specific to high-energy foods may also be a viable intervention strategy for adolescents with high motivational impact for highenergy foods. Alternatively, individuals with high motivation to consume high-energy foods may benefit from executive control interventions. Physical exercise (Krafft et al., 2014) and cognitive interventions (Yokum & Stice, 2013) have both been shown to improve executive and inhibitory control in OW individuals.
There are several notable limitations to our study. First, our studies' limited sample size suggests that future studies should attempt to replicate our findings in larger samples of adolescents. Second, our study sample was composed of three smaller samples of adolescents that represented three distinct weight groups (i.e., OW, SWL, and NW). Although we did not detect main effects of group on primary study variables or group Â PFS score interactions on neural responses, our nonsignificant findings for weight status group may be attributable to small cell size for each group. However, it is worth noting that previous analyses with the same study sample (Jensen & Kirwan, 2015) indicated group differences in neural activation to high-versus low-energy food images, suggesting that our sample is adequately powered to detect between group differences. Our nonsignificant main effects for BMI and weight status group differ from adult research, which has shown differences in PFS scores (Carpenter et al., 2013) and neural responses to food by BMI (Batterink et al., 2010; Bruce et al., 2010) . However, our findings are consistent with Mitchell, Cushing, and Amaro (2016), who did not find differences in PFS scores by BMI in adolescents; this finding may indicate that motivation for high-energy foods is less sensitive to weight status in adolescents. Because we did not assess pubertal development level or hunger at the time of scanning (although fasting duration was standardized), we could not include these variables as covariates. Furthermore, our participant sample is predominantly female, limiting generalizability to males. Finally, because the MPFC and DLPFC are responsible for many cognitive functions, we cannot say with certainty that our MRI findings imply different inhibitory control processes.
Conclusion
Our findings indicate that adolescents who scored higher on the PFS exhibit less neural activation in response to high-energy foods in brain regions associated with inhibitory control compared with adolescents who scored lower on the PFS. These findings indicate that high motivational impact of highenergy foods in the environment may be related to decreased inhibition to refrain from consuming highenergy foods. However, no correlations between PFS scores and neural activation in brain regions associated with inhibitory control were significant when viewing low-calorie foods. Interventions that alter adolescents' food environments, cognitions around palatable foods, or executive control may be particularly beneficial in assisting adolescents with low foodrelated inhibition in achieving healthy-weight outcomes ).
